Physiological dependence and associated withdrawal episodes are thought to constitute a motivational force that sustains alcohol use and abuse and may contribute to relapse in dependent individuals. Although no animal model duplicates alcoholism, models for specific factors, like withdrawal, are useful for identifying potential genetic and neural determinants of liability in humans. Previously, we identified a quantitative trait locus (QTL) and gene (Mpdz, which encodes the multi-PDZ domain protein) on chromosome 4 with a large effect on alcohol withdrawal in mice. Using congenic mice that confirm this QTL and c-Fos expression as a high-resolution marker of neuronal activation, we report that congenic mice show significantly less neuronal activity associated with alcohol withdrawal in the rostroventral caudate putamen (rvCP), but not other parts of the striatum, compared with background strain mice. Moreover, bilateral rvCP lesions significantly increase alcohol withdrawal severity. Using retrograde (fluorogold) and anterograde (Texas Red conjugated dextran amine) tract tracing, we found that ∼25% of c-Fos immunoreactive rvCP neurons project to caudolateral substantia nigra pars reticulata (clSNr), which we previously found is crucially involved in withdrawal following acute and repeated alcohol exposure. Our results expand upon work suggesting that this QTL impacts alcohol withdrawal via basal ganglia circuitry associated with limbic function, and indicate that an rvCP-clSNr projection plays a critical role. Given the growing body of evidence that the syntenic region of human chromosome 9p and human MPDZ gene are associated with alcohol abuse, our results may facilitate research on alcohol dependence and associated withdrawal in clinical populations.
Introduction
Alcohol (ethanol) abuse and alcoholism are serious public health concerns throughout the world. Alcoholism is the second most prevalent axis I diagnosis among individuals aged 15-44 (Manderscheid & Henderson 2002) , and is one of the most highly heritable addictive disorders (Goldman et al. 2005) . More than 18 million Americans (8.5% of the population 18 and older) have been estimated to meet the diagnostic criteria of alcohol abuse or dependence (Grant et al. 2004) . Withdrawal is a hallmark of alcohol physiological dependence, and constitutes a motivational force that perpetuates alcohol use and abuse (Little et al. 2005) . Unfortunately, because of its complexity the genes and neural networks that contribute to genetic differences in risk for alcohol dependence and associated withdrawal are largely unknown. This has hindered treatment and resulted in a lack of alternatives for dependent individuals.
Although no animal model duplicates clinically defined alcoholism, models for specific factors, including withdrawal, are useful for identifying potential neural and genetic determinants of liability in humans. Previously, we identified a quantitative trait locus (QTL) on chromosome 4 with a large effects on predisposition to alcohol withdrawal in mice (Buck et al. 1997 (Buck et al. , 1999 Fehr et al. 2002) , and a gene (Mpdz) underlying the phenotypic effect of this QTL on withdrawal (Fehr et al. 2002; Shirley et al. 2004) . Using c-Fos as a high-resolution histological marker of neuronal stimulation (Herdegen & Leah 1998; Morgan et al. 1987 ), we identified a distinct activation pattern associated with acute alcohol withdrawal (Kozell et al. 2005) and impacted by chromosome 4 QTL status (Chen et al. 2008) . Lesion studies also indicate the involvement of specific brain regions in ethanol withdrawal (Chakravarty & Faingold 1998 , Kostowski & Trzaskowska 1980 , Ripley et al., 2004 , and the integration of c-Fos expression studies and focused lesions proved to be a powerful approach to suggest that this QTL impacts ethanol withdrawal via basal ganglia circuitry associated with limbic function, and that the caudolateral substantia nigra pars reticulata (clSNr) plays a critical role in withdrawal following acute and repeated alcohol exposure (Chen et al. 2008 ; G. Chen & K.J. Buck, personal communication) .
The aim of the present studies is to further elucidate neural circuitry associated with alcohol withdrawal and impacted by the chromosome 4 QTL, focusing on potential projections to the clSNr. The SNr is inhibited by the striatum via direct striatonigral projections, and excited via indirect striatopallidal projections involving globus pallidus (external) and the subthalamus (Kreitzer & Malenka 2008) . Because previous analyses suggested that the subthalamic nucleus is not directly involved in alcohol withdrawal (Chen et al. 2008 ),
Retrograde and anterograde tract tracing
Retrograde tract tracing was performed as in previous work (Chen et al. 2006) . Adult mice were anesthetized with mouse cocktail (50 mg/10 ml xylazine, 500 mg/10 ml ketamine and 10 mg/10 ml acepromazine in 0.9% saline), then placed in a Cartesian stereotaxic. A pulled filament pipette with a tip size of 30-50 μm was placed for unilateral pressure microinjection of fluorogold (FG) into the clSNr, a region crucially involved in ethanol and barbiturate withdrawal (Chen et al. 2008 ; G. Chen & K.J. Buck, personal communication) . The coordinates for clSNr were estimated based on coordinates for the B6 strain (Paxinos & Franklin 2001) and determined empirically for D2 strain mice as follows: 3.2 mm caudal to bregma (AP = −3.2), 1.6 mm lateral to midsaggital suture (ML = ±1.6), 4.5 mm deep from the skull surface (DV = −4.5). The pipette was withdrawn 7 min after injection. Approximately 7 days post-surgery, the FG-injected mice were deeply anesthetized and transcardially perfused with 50 ml of 0.9% saline followed by 50 ml of 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS, pH 7.4). FG labeling was visualized using excitation wavelengths 340-380 nm. In order to assess acute ethanol withdrawal associated c-Fos induction in the neurons that project to the clSNr, half of the FG-injected mice received ethanol (4 g/kg, i.p) 7 hr prior to anesthesia and perfusion, and the other half received saline.
For anterograde tract tracing, Texas Red conjugated dextran amine (TRDA; 10 000 MW; Vector Laboratories, Burlingame, CA, USA) was unilaterally injected into the rvCP. The coordinates used for rvCP in D2 mice are as follows: AP = 1.0, ML = ±2.3, DV = −3.8. Approximately 7 days post-surgery, the TRDA-injected mice were deeply anesthetized and transcardially perfused with 50 ml of 0.9% saline followed by 50 ml of 4% paraformaldehyde in 0.1 M PBS. TRDA labeling was visualized using excitation wavelengths 555-655 nm.
Immunohistochemistry
c-Fos immunohistochemical analyses were performed as described in our previous work (Chen et al. 2008) . In order to avoid potential confounds of evoked convulsions on c-Fos expression, none of the mice used were tested for withdrawal convulsions. Briefly, animals were administered a hypnotic dose of ethanol (4 g/kg, 20% v/v in saline, i.p.) or an equivalent volume of vehicle (sterile 0.9% saline) and returned to their home cage and left undisturbed for 7 h. Withdrawal convulsions are most severe ∼6-7 h post-ethanol exposure in chromosome 4 congenic and background strain (D2) mice (Fehr et al. 2002) . The mice were killed by cervical dislocation. Brains were coronally sectioned (30 μm) on a freezing microtome. Within an experiment, all of the experimental groups were processed at the same time. After blocking in 10 mM PBS containing 3% normal goat serum and 0.3% Triton-100, the sections were incubated with rabbit anti-c-Fos antibody (1:10 000; Oncogene Science, Cambridge, MA) for 72 h at 4
• C. (Chen et al. 2008; Hitzemann & Hitzemann 1997; Kozell et al. 2005) . The density of c-Fos immunoreactive cells (cells/mm 2 ) was calculated as the number of c-Fos labeled cells divided by the rvCP template area. The experimenter was blind to the experimental condition for each subject. For immunofluorescent staining, brain sections were incubated in blocking solution (10 mM PBS containing 5% normal donkey serum and 0.3% Triton-100) for 2 h at room temperature. The brain sections were then incubated with one or two of the following primary antibodies in blocking solution at 4
• C for 24-48 h: sheep anti-MPDZ antibody (1:200, Upstate Inc., Billerica, MA, USA), rabbit anti-c-Fos antibody (1:2000, Oncogene Science), rabbit anti-SynGAP antibody (1:1000, Millipore, Billerica, MA, USA), rabbit anti-5-HT 2C antibody (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and goat anti-c-Fos antibody (1:1000, Santa Cruz Biotechnology). The sections were incubated for 90 min with one or two of the following: donkey anti-sheep IgG conjugated with Alexa 488 (1:500), donkey anti-rabbit IgG conjugated with Alexa 594 (1:500), donkey anti-rabbit IgG conjugated with Alexa 488 (1:500), and/or donkey anti-goat IgG conjugated with Alexa 594 (1:500) (from Invitrogen, Carlsbad, CA, USA). Thorough rinses were carried out between incubation steps. Omissions of the primary or secondary antibodies were used as staining controls. We performed unbiased quantification of immunofluorescent cells retrogradely labeled with FG and immunoreactive for c-Fos or MPDZ using an optical dissector technique (Chen et al. 2006; Coggeshall & Lekan 1996; West et al. 1991) . Using this approach, we also performed unbiased quantitation of cells immunoreactive for c-Fos as well as MPDZ, 5-HT 2C receptor or SynGAP. For each animal, the number of cells immunostained in the rvCP was determined for every third section. Cells in the outermost focal plane were not included in order to avoid counting a cell more than once. Assessment of single and double cells was performed within 325 μm × 250 μm counting frames. The percentage of double-labeled cells (i.e. the number of double labeled cells/total number of cells labeled with FG, or the number of double labeled cells/total number of c-Fos immunoreactive cells) was calculated and expressed as the mean ± SEM.
Striatal rvCP lesions
Animals were anesthetized by i.p. injection of 0.05 ml of mouse anesthetic cocktail. An insulated 0.1 mm O.D. tungsten wire electrode with only a conductive tip was lowered to the lesion site. Bilateral lesions were performed using a 0.4 mA current for 4 seconds. The coordinates for the rvCP were estimated based on coordinates for the B6 strain (Paxinos & Franklin 2001) and determined empirically for D2 strain mice as follows: AP = 1.0, ML = ±2.3, DV = −3.8. The procedure for sham-lesioned animals was identical except that no current was passed. Thionin staining was used to confirm lesion locations.
Ethanol withdrawal severity
Physiological dependence is operationally defined as the manifestation of physical disturbances (withdrawal syndrome) after alcohol administration is suspended. McQuarrie and Fingl (1958) Genes, Brain and Behavior (2010) 9: [768] [769] [770] [771] [772] [773] [774] [775] [776] first showed a state of withdrawal CNS hyperexcitability after acute alcohol administration. Alcohol withdrawal severity was examined in rvCP-lesioned, sham-lesioned and naïve (no-surgery) D2 mice by monitoring handling-induced convulsions (HICs) associated with withdrawal, which is a sensitive index of ethanol withdrawal severity. Details of the acute ethanol withdrawal procedure have been published (Metten et al. 1998) . Individual baseline HICs were measured the day before surgery. Seven to ten days post-surgery, baseline (preethanol) HICs were measured immediately before administration of ethanol (4 g/kg, i.p., 20% v/v in saline), and HIC testing continued hourly between 2 and 12 h, as well as 24 h post-ethanol administration. In order to create an index of ethanol withdrawal response that is independent of individual differences in baseline HIC scores and reflects differences in withdrawal convulsion severity, post-ethanol HIC scores were corrected for the individual's average baseline HIC score as in previous work (Metten et al. 1998) . Ethanol withdrawal severity scores were calculated as the area under the curve (AUC; the summed, corrected HIC scores) over the full time-course postethanol administration. Individual ethanol withdrawal severity scores correspond to these AUC values.
Statistics
For comparisons of ethanol withdrawal associated c-Fos expression in congenic and background strain mice as well as the comparison of ethanol withdrawal severity between lesioned and control animals, the data were not normally distributed based on Shapiro-Wilks tests. Therefore, these data were analyzed using non-parametric Kruskal-Wallis one-way analyses of variance (ANOVA), which generate a Mann-Whitney U statistic for a comparison of two groups, or an H statistic for a comparison of more than two groups. All data were analyzed using Systat 12 statistical software version 12.00.08 (Systat Statistical Inc., Chicago, IL, USA). The significance level was P < 0.05 (two-tailed). All data are shown as means ± SEM.
Results

c-Fos induction in rvCP of Alcw2 congenic and background strain mice
In order to isolate Alcw2's influence from that of other alcohol withdrawal QTLs elsewhere in the genome (Buck et al. 1997 , neuronal activation associated with ethanol withdrawal was compared in chromosome 4 congenic and background strain (D2) mice. c-Fos was selected because ethanol withdrawal is associated with a distinct pattern of neuronal activation as assessed by its induction (Kozell et al. 2005 and references therein) while expression of other immediate early gene products is generally insensitive to ethanol withdrawal, although their expression is induced in the central amygdala (Borlikova et al. 2006) . None of the animals used in these analyses were tested for ethanol withdrawal convulsions, and none exhibited spontaneous convulsions in their home cage post-ethanol administration. This mitigates the potential confound of evoked convulsions on c-Fos immunoreactivity.
Representative c-Fos immunohistochemical photomicrographs for the rvCP are shown in Fig 1. As expected, no c-Fos expression was detected in the rvCP in saline control congenic or background strain animals (n = 5 per group). c-Fosimmunoreactive cells were apparent in the rvCP in all ethanol withdrawn animals, but at a significantly lower density in congenic (29 ± 7 cells/mm 2 , n = 14) compared with background strain mice (52 ± 4 cells/mm 2 , n = 16) (U (1,30) = 54.5, P < 0.05). In contrast, no such genotype-dependent c-Fos induction was detected in other striatal regions, i.e. nucleus accumbens (core and shell) and dorsal (dorsomedial and dorsolateral) caudate putamen (Chen et al. 2008) .
rvCP lesions
A total of 24 animals were tested, including rvCP-lesioned, sham-lesioned and naïve (no surgery) controls. Confirmed lesions of the rvCP extended from 1.3 to 0.4 mm anterior to Bregma, and occasionally extended into the adjacent dorsal CP and nucleus accumbens (Fig 2a) . Animals with lesions that extended to the adjacent piriform cortex were excluded from the analysis, as piriform cortex has been implicated in having an opposing role in CNS hyperexcitibility (Turski et al. 1989) . A representative photomicrograph of the rvCP lesions is shown in Fig 2b. Baseline HIC scores did not differ between sham-lesioned animals, assessed either pre-surgery or 7 days post-surgery, and naïve control animals (mean baseline HIC scores ± SEM = 0.4 ± 0.2, 0.3 ± 0.3 and 0.4 ± 0.3, respectively; H (2,20) = 0.15, P = 0.93). Neither did these groups (shamlesioned and naïve) subsequently differ in ethanol withdrawal severities (mean AUC values ± SEM = 13.6 ± 3.1 and 13.6 ± 5.3, respectively; U (1,12) = 18.0, P = 0.73), suggesting that the surgery procedure did not change HIC response pre-or post-ethanol administration. We therefore collapsed the data for the sham-lesioned and naive control mice into one control group in order to increase the statistical power of our analyses. The rvCP-lesioned and control animals did not differ in baseline (pre-ethanol) HIC scores (U (1,17) = 31.5, P = 0.85) (Fig 2c) . However, bilateral lesions restricted to rvCP significantly increased ethanol withdrawal severity compared to control animals (U (1,17) = 3.0, P = 0.004) (Fig 2c) . Later, convulsion scores increased above baseline, indicating a state of withdrawal hyperexcitibility, which peaks approximately 6 h post-ethanol administration. By 24 h, the HIC response returns to baseline in both lesioned and control animals. Inset: rvCP lesions significantly increased ethanol withdrawal scores calculated as the area under the withdrawal curve (AUC, corrected for baseline HIC scores) compared to control animals (P < 0.005). Additional abbreviations: VP, ventral pallidum. Scale bar = 500 μm.
Striatal rvCP projects to clSNr in mice
Although anatomical analyses using rats and primates suggest a direct projection from the rvCP to clSNr (Gerfen 1985 ; Selemon & Goldman-Rakic 1990) , this projection had not been reported previously in mice. In the present studies, using both retrograde and anterograde tract tracing methods, we sought evidence for this projection in mice. Eight mice received a unilateral injection of retrograde tract tracer (FG). We confirmed that injection of this tracer was restricted to lateral SNr (Fig 3a) throughout the rostrocaudal extent in four of these animals, in which extensive FG-labeled neurons were apparent throughout the rostrocaudal, lateromedial and ventrodorsal extent of the CP with little or no labeling detected in the nucleus accumbens. Within the CP, rvCP neurons showed a higher density of FG-labeled cells compared with the dorsal CP (Fig 3b) . As expected, retrograde labeling was also detectable in other basal ganglia regions including the subthalamic nucleus, ventral pallidum and external globus pallidus (not shown).
To corroborate projection from the rvCP to clSNr, we injected an anterograde tract tracer (TRDA) unilaterally into the rvCP of seven mice. We confirmed that injection of this tracer was confined to the rvCP (Fig 3c) in three of these animals, in which we observed substantial TRDA labeling of terminal arborizations and varicosities within the clSNr, with little labeling in the medial SNr (Fig 3d,e) . The soma of a small number of cells within the SNr and SN pars compacta was labeled, which are likely dopaminergic nigrostriatal neurons (Fig 3d) .
Taken together, these studies confirm that the clSNr preferentially receives afferent inputs from rvCP neurons in mice.
MPDZ and associated proteins in the rvCP
Mpdz, a quantitative trait gene (QTG) that underlies the phenotypic effects of an alcohol withdrawal QTL (Alcw2) on chromosome 4 (Shirley et al. 2004) , encodes the multi-PDZ domain protein (MPDZ, also called MUPP1) (Becamel et al. 2001) . We examined MPDZ expression in striatonigral projection neurons and c-Fos-immunoreactive cells in the rvCP and performed unbiased quantification of the labeled cells. Following FG microinjection into the clSNr, retrogradely labeled neurons were extensively distributed throughout the rvCP. Virtually all of the FG-labeled or c-Fos-immunopositive neurons in the rvCP expressed MPDZ, whereas 50% ± 2% and 5% ± 1% of MPDZ-immunoreactive cells in the rvCP were also labeled with FG or c-Fos, respectively. 24% ± 3% of the c-Fos-immunoreactive neurons were also labeled with FG (Fig 4a-i) .
MPDZ has no apparent intrinsic activity and is thought to exert its effects by regulating the function of other proteins with which it interacts. MPDZ physically associates with the 5-HT 2C receptor as well as postsynaptic density GTPase activating protein (SynGAP), which complexes with NMDA receptor 2B subunit/Ca +2 -calmodulin kinase (MPDZ/NR2B/CaMKII) both in vitro and in vivo (Becamel et al. 2001; Kim et al. 2005; Krapivinsky et al. 2004 ). Using ethanol withdrawn animals, we assessed 5-HT 2C receptor and SynGAP expression in c-Fos-immunoreactive neurons within the rvCP. All c-Fos-immunoreactive neurons detected in the rvCP also expressed the 5-HT 2C receptor while, conversely, 3 ± 1% of 5-HT 2C receptor immunoreactive cells expressed c-Fos (Fig 4k-l) . In contrast, 26 ± 3% of the c-Fos-immunoreactive cells expressed SynGAP (Fig 4m-o) . These results are consistent with the hypothesis that MPDZ may affect withdrawal by regulating the rate and/or fidelity of signaling mediated by proteins and receptors with which it associates. However, much future work (including coimmunoprecipitation analyses) will be needed in order to rigorously assess whether 5-HT 2C receptors and/or SynGAP directly interact with MPDZ in the rvCP and the potential role of these interactions in withdrawal.
Discussion
The present studies are the first to implicate the rvCP in mediating the effects of an ethanol withdrawal QTL (Alcw2). Additionally, our study is the first to use focused lesions to assess the influence of the rvCP on ethanol withdrawal, and indicate that the rvCP plays a crucial role. Taken together with our previous work, our results suggest that Alcw2 impacts withdrawal behavior via its influence on basal ganglia circuitry associated with limbic function, and that the rvCP and clSNr are both critically involved. Moreover, the present studies are the first to show a direct rvCP-clSNr projection in mice.
In addition to its critical role in ethanol withdrawal convulsions, the rvCP has been implicated in controlling CNS hyperexcitibility (Turski et al. 1987 ). Additionally, because neuroimaging studies in humans and pharmacological microinjection analyses in nonhuman primates show that the striatal ventral putamen is associated with depression, anxiety, apathy, stereotypy and hypoactivity (Hasler et al. 2007; Mah et al. 2007; Remy et al. 2005; Worbe et al. 2009) , it is plausible that the rvCP may contribute to a variety of signs associated with the ethanol withdrawal syndrome beyond withdrawal convulsions. For example, preliminary analyses suggest that Alcw2 congenic animals exhibit less severe ethanol withdrawal associated depression-like behavior than background strain animals (L Milner and KJ Buck, unpublished data) . While many signs of the ethanol withdrawal syndrome are genetically correlated with HIC severity (i.e. tremors, hypoactivity, emotionality; Belknap et al. 1987; Feller et al. 1994 ; Kosobud & Crabbe 1986 ), others are not (i.e. tail stiffness; Kosobud & Crabbe 1986 ). Thus, assessment of withdrawal HICs can inform analyses for correlated withdrawal signs, but represents only part of the complex syndrome of alcohol withdrawal (Wilson et al. 1984) . Future studies will be needed to determine to what degree the rvCP may affect additional withdrawal signs. Neuroimaging evidence also suggests that the rvCP is associated with alcohol craving (Heinz et al. 2005; Olbrich et al. 2006) . Moreover, the ventral CP receives projections from the amygdala (Russchen & Price 1984) , which has a prominent role in alcohol preference (Dhaher et al. 2008; Feng et al. 2007) , and is also implicated in chronic ethanol withdrawal (Chen et al. 2009; Feng et al. 2007) . Ethanol withdrawal and preference/consumption are significantly genetically correlated (Metten et al. 1998) , and future studies will be important to assess the potential contribution of the rvCP to this inverse relationship.
Our results show a direct projection from the rvCP to clSNr in mice, in agreement with anatomical analyses in other species including primates and rats (Gerfen 1985; Selemon & Goldman-Rakic 1990) . Previously, we found that bilateral lesions of the clSNr attenuate withdrawal severity following acute and repeated administration of ethanol (Chen et al. 2008 ; G. Chen & K.J. Buck, personal communication) . Based on the current understanding of basal ganglia circuitry, the striatum directly inhibits the SNr via the striatonigral pathway and indirectly excites the SNr via the striatopallidal pathway. In this scenario, lesioning the rvCP would be expected to disrupt the inhibitory striatonigral projection and thus facilitate hyperactivity of the SNr. Lesioning the clSNr attenuates ethanol withdrawal severity (Chen et al. 2008 ; G. Chen & K.J. Buck, personal communication) ; thus, SNr hyperactivity would be expected to result in more severe ethanol withdrawal, as was observed in the present studies following bilateral lesions of the rvCP. Lesioning the rvCP may also disrupt the indirect excitatory pathway, but this would be expected to mitigate ethanol withdrawal, which was not observed. Additionally, we previously found that bilateral lesions of the subthalamic nucleus within the indirect pathway do not influence ethanol withdrawal convulsions, suggesting that the indirect pathway is not crucially involved in ethanol withdrawal (Chen et al. 2008) . Taken together, our results suggest that the rvCP affects alcohol withdrawal via its impact on SNr output, and that the direct striatonigral projection has a significant role.
Mpdz is a proven QTG for alcohol withdrawal in mice (Shirley et al. 2004 , and unpublished in vivo data), and its human homolog (MPDZ ) is also implicated in alcohol dependence (Karpyak et al. 2009; Tabakoff et al. 2009 ). Mpdz encodes the multi-PDZ domain protein (MPDZ; also called MUPP1) (Simpson et al. 1999; Ullmer et al. 1998) , which is highly expressed in the rvCP. MPDZ is a member of a family of PDZ domain proteins, which has emerged as central organizers of protein complexes and contributes to the targeting, trafficking and the fine-tuning of signaling properties of membrane-bound receptors (Nourry et al. 2003) . We observed that MPDZ is expressed in virtually all c-Fos-immunoreactive rvCP neurons. Interestingly, striatonigral projection neurons represent a subset of the c-Fosimmunoreactive cells, suggesting that MPDZ may influence rvCP-clSNr projection neurons directly as well as indirectly via other neurons (e.g. interneurons) within the rvCP. Currently, little is known about the mechanism by which MPDZ affects withdrawal. MPDZ has no apparent intrinsic activity, and is thought to exert its effects by altering the rate/fidelity of signal transduction mediated by one or more of the proteins with which it associates. These include 5-HT 2C receptors (Becamel et al. 2001; Parker et al. 2003) and SynGAP (Krapivinsky et al. 2004) . Our results in ethanol withdrawn animals indicate that virtually all c-Fos-immunoreactive cells in the rvCP also express 5-HT 2C receptors. Selective blockade of 5-HT 2C receptors changes neuronal activation within the striatum (De Deurwaerdere et al. 2010 ), so it is plausible that MPDZ expression influences neural activation associated with ethanol withdrawal in the rvCP via 5-HT 2C receptor-mediated transmission. We also found that ∼30% of c-Fos-immunoreactive rvCP cells also express SynGAP. MPDZ physically associates with SynGAP and is integral to the NR2B subunit/SynGAP/CamKII complex (Kim et al. 2005; Krapivinsky et al. 2004 ). NR2B subunit containing NMDA receptors are abundant in the striatum (Kawakami et al. 2003) , with preferential control over striatonigral neurons (Fantin et al. 2007 (Fantin et al. , 2008 . These observations raise the possibility that MPDZ may regulate NR2B receptor-mediated transmission via SynGAP in rvCP striatonigral projection neurons.
Our results provide a framework for examining the potential role of MPDZ's association with 5-HT 2C receptors and/or SynGAP in withdrawal in greater detail, but there are some limitations. First, our results based on ethanol withdrawal convulsions, while an important first step, will need to be expanded in future studies assessing the potential role of the rvCP and its projection to the clSNr in additional signs of ethanol withdrawal (e.g. depression and anxiety-like behaviors). Moreover, because Mpdz is implicated in ethanol and barbiturate withdrawal (Shirley et al. 2004) , and it is well established that there is common genetic influence on withdrawal from these two drugs as well as other sedative-hypnotics including inhalants and benzodiazepines (Belknap et al. 1988; Crabbe et al. 1991a,b) , future studies will be needed to assess the potential role of the rvCP in withdrawal from CNS depressant drugs beyond ethanol withdrawal convulsions. Assessment of pentylenetetrazol (PTZ)-enhanced convulsions in rvCP lesioned animals might also detect a broader role in CNS hyperexcitability, although this seems unlikely given that PTZ-enhanced convulsions are not affected in clSNr lesioned animals (Chen et al. 2008 ; G. Chen & K.J. Buck, personal communication) . Additionally, the congenic used contains a number of genes in the introgressed interval in addition to the QTL, so it is possible that additional genes influenced the c-Fos expression pattern. More definitive confirmation that QTL status influences neural activation in the rvCP will likely require verification using genetic models that specifically target Mpdz (e.g. transgenic, knockout or RNA interference models). Finally, our lesion and tract tracing results, while an important first step toward defining the role of rvCP-clSNr projection in ethanol withdrawal, will need to be expanded upon in future studies. Selective inactivation of c-Fos expressing neurons is a promising new approach to target neurons of interest (Koya et al. 2009 ), and does not affect passing fibers that must be considered. Standard tract tracing methods are largely qualitative in nature, and future work using more quantitative methods will be needed in order to assess whether subtle (quantitative) differences exist between congenic and background strain animals in the rvCP-clSNr pathway. As more information becomes available on the rvCP-clSNr projection, and proven associations between MPDZ and other proteins within this projection, their role in withdrawal and the contribution of genetic variation in Mpdz will become apparent.
